Previously, in our laboratory, we established a two-chamber system to study translocation of Enterococcus faecalis across monolayers of polarized human colon carcinoma-derived T84 cells. By using the same system in the present study, we now show that disruption of gelE of strain OG1RF, which also has a polar effect on the cotranscribed sprE, as well as disruption of its regulatory system (fsrA, fsrB, and fsrC) resulted in a loss of detectable translocation by E. faecalis OG1RF; these mutants lost gelatinase (GelE) and serine protease (SprE) production by standard assay. A gelE deletion mutant of OG1RF (GelE ؊ SprE ؉ ) also showed that significantly reduced translocation and complementation with the gelE gene (pTEX5438) in trans restored gelatinase and translocation, demonstrating that gelatinase is important for E. faecalis translocation. Complementation of fsrA, fsrB, and fsrC mutants with all three fsr genes also resulted in production of gelatinase and translocation. Furthermore, introduction of fsr genes into two non-gelatinase-producing E. faecalis isolates, the well-characterized laboratory strain JH2-2 and a human-derived fecal isolate, TX1322 (both of which have gelE but not fsrA or fsrB, are gelatinase negative, and do not translocate), resulted in gelatinase production by these strains and restored translocation across T84 monolayers, while transformation with pTEX5438 (gelE) showed little or no translocation and no detectable gelatinase, confirming the importance of both fsr and gelatinase for E. faecalis translocation. The importance of gelatinase production was also corroborated among 20 E. faecalis human isolates (7 fecal, 7 endocarditis, and 6 urine isolates), which showed translocation by all gelatinasepositive isolates but little to no translocation for gelatinase nonproducers. These results indicate that gelatinase is important for the successful in vitro translocation of E. faecalis across human enterocyte-like T84 cells.
Enterococci are gram-positive bacteria that inhabit the intestine of many animals including humans and have also been used as probiotic agents and as starters for cheese production. However, in the past few decades, these organisms have become some of the leading causes of nosocomial infections, probably due to the widespread use of antibiotics in hospitals and resistance of enterococci to multiple antimicrobials (11) . In the genus Enterococcus, Enterococcus faecalis is the organism most commonly isolated from patients with enterococcal infections (10) . Although the routes of enterococcal infections are not yet well understood, Wells et al. and Runkel et al. have previously presented evidence that E. faecalis can translocate across mouse and rat intestinal tracts and reach other sites (18, 29) . More recently, Krueger et al. reported that by orally feeding mice with antibiotics and E. faecalis, these organisms were found in livers, spleens, and mesenteric lymph nodes (7) . Those researchers also assessed aggregation substance and binding substance in the mouse model of extraintestinal translocation and found that these factors did not appear to be required for this process (7) , although others have found aggregation substance important for internalization by intestinal epithelial cell lines HT29, T84, and HCT-8 (19, 28) . A similar observation was made by Vinderola and colleagues, who found that when mice were orally fed with 10 4 CFU of E. faecalis per day for 7 consecutive days, translocation of this organism to the liver was observed at days 2, 5, and 7 (26) .
In order to study the translocation of E. faecalis and factors involved in this process, we previously established an in vitro model to mimic this process by using human colon carcinomaderived T84 cells (31) . This model involves a two-chamber system with a permeable support separating the two chambers. The T84 cells are grown on the permeable support to form an epithelial monolayer (which differentiates and shows structural resemblance to the native intestine), E. faecalis cells are added to the upper chamber, and the translocated bacterial cells are recovered from the lower chamber (31) . In that study, we found that the commonly used E. faecalis strain OG1RF, unlike Escherichia coli DH5␣, was able to translocate across T84 monolayers, and by using this in vitro model, we were able to compare translocation of OG1RF to that of mutants and found that the epa gene cluster, previously shown to be important for E. faecalis virulence in a mouse peritonitis model (30) , is important for this process (31) .
In our initial study, we examined 14 E. faecalis human isolates and found considerable differences in their abilities to translocate among these isolates (31) . We subsequently examined our results from a survey of 215 E. faecalis isolates (17) and noted that although the assay used was rather crude and the growth conditions were different from those used for translocation, the results suggested a correlation between gelatinase activity and translocation capability of E. faecalis. That is, 6 out of 6 gelatinase-positive isolates translocated across T84 mono-layers in more than 63% of the transwells, 4 out of 7 gelatinasenegative isolates did not show translocation in any of the transwells, 3 out of 7 gelatinase-negative isolates showed translocation in less than 25% of the transwells, and 1 isolate showed weak gelatinase activity and no translocation (unpublished observations). In the present study, we applied the twochamber T84 model and established the importance of gelatinase activity for translocation capability of E. faecalis.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial isolates and plasmids used in this study are listed in Table 1 and include 13 clinical isolates (7 endocarditis and 6 urine isolates), 7 human fecal isolates, OG1RF (23), and JH2-2 (5); other than OG1RF and JH2-2, these strains are different from those studied previously (31) . E. faecalis isolates were grown at 37°C in brain heart infusion broth or agar (Difco Laboratories, Sparks, Md.). The concentrations of antibiotics used for selection of recombinant strains were 300 g of erythromycin/ml for E. coli and 2,000 g of kanamycin/ml and 10 g of erythromycin/ml for E. faecalis. T84 cell translocation. Growth and maintenance of T84 cells, the preparation of bacteria for translocation, and translocation experiments were performed according to methods described previously (31) . For clinical isolates, because of some variation in translocation by OG1RF seen with different passages of T84 cells used over the span of the experiments, the results for strains showing translocation are presented as the percentage of CFU relative to results obtained with OG1RF determined concurrently. For the strains which had shown no translocation at all in pilot studies, we plated the whole 1-ml volume of the bottom chamber at 8 h, and for other strains, 100 l out of 1 ml was plated.
Assays for gelatinase activity. For screening of colonies, the production of gelatinase in E. faecalis strains was performed by using Todd-Hewitt (Difco Laboratories) agar plates containing 3% gelatin (gelatin-TH) (15) . After overnight incubation at 37°C, colonies with opaque zones around them were considered to be gelatinase activity positive.
For assaying gelatinase activity in culture supernatants, a previously described procedure was performed with a slight modification (12) . Azocoll (Azo dyeimpregnated collagen, 0.25 g, Ͻ50 mesh; Calbiochem, Darmstadt, Germany) was washed in 50 ml of 50 mM Tris-HCl buffer (pH 7.8) containing 1 mM CaCl 2 , kept standing for 90 min at 37°C, and then centrifuged at 1,500 ϫ g for 10 min, discarding the buffer. The residue was resuspended in 50 ml of the same buffer, and 0.5-ml aliquots were transferred into a 1.5-ml Eppendorf tube. Tubes were incubated at 37°C for 15 min on a shaker, and then 25 l of culture supernatant (see below) was added to each tube containing preincubated Azocoll. The mixture was incubated for 4 h at 37°C on a shaker and then centrifuged at 1,500 ϫ g for 5 min, followed by measurement of absorbance at 540 nm.
The preparation of bacteria for the gelatinase activity assays was the same as the preparation of bacteria for translocation. Approximately 8 ϫ 10 7 bacteria in 0.5 ml of tissue culture medium (31) were added to confluent T84 cells that had been grown for 4 to 5 days in 12-well cell culture plates (Corning Incorporated, Corning, N.Y.) and were then incubated at 37°C, 5% CO 2 . After 6 h of incubation, about 0.5 ml was removed to a 1.5-ml Eppendorf tube and then centrifuged at 1,500 ϫ g for 5 min, and the supernatant was used for gelatinase activity assay; some samples were incubated for up to 24 h. Bacteria were also grown in tissue culture medium (31) alone and processed similarly.
Cloning of gelE and complementation of TX5264. A 1,767-bp DNA fragment containing the gelE gene and its promoter region was amplified by using the primers 5Ј-GGCGAATTCGCTATGGTATTG (forward primer) and 5Ј-GCGG GATCCTCATTCATTGACCAGAACA (reverse primer) and cloned into the shuttle vector pAT18 (Ery r ) (25) to produce plasmid pTEX5438. The plasmid was then transformed into the gelE deletion mutant TX5264, and Ery r transfor- This study a Ery, erythromycin; FA, fusidic acid; GelE, gelatinase; SprE, serine protease; S-SprE, superactive serine protease; Kan, kanamycin; Rif, rifampin; A gelatinase phenotype is based on a standard plate assay after 24 h of incubation (15) .
b JH2-2 and OG1RF both lack asa and esp genes, while TX1322 possesses asa and esp genes.
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mants were plated onto the gelatin-TH plates to determine the effect of complementation on the production of gelatinase. Introduction of gelE and fsr genes into JH2-2 and TX1322. The plasmids pTEX5438, which contains gelE, and pTEX5249, which contains fsrA, fsrB, and fsrC genes but only the first 395 bp of gelE, were transformed into TX1322 and JH2-2, respectively, and Ery r transformants were plated onto gelatin-TH plates to verify gelatinase activity.
Statistical analysis. Analysis of variance (ANOVA) with Bonferroni's posttest was performed using GraphPad (San Diego, Calif.) Prism software version 4.00 for comparing multiple continuous variables, and Fisher's exact test was used for categorical results comparing GelE ϩ and GelE Ϫ human isolates.
RESULTS
Effect of gelE and fsr genes on translocation of E. faecalis across T84 monolayers. The fsr-gelE/sprE locus is shown in Fig.  1A . Six mutants of this locus generated in OG1RF, TX5240 (fsrA disruption mutant), TX5241 (fsrB disruption mutant), TX5242 (fsrC disruption mutant), TX5266 (fsrB deletion mutant), TX5128 (gelE disruption mutant), and TX5264 (a gelE deletion mutant), all previously shown to be gelatinase negative in the gelatin-TH plate assay, were compared with wildtype OG1RF in the transcytosis assay. At least two individual experiments were performed (4 wells each) with all strains, and consistent results were obtained. In the experiments shown in Fig. 1B , OG1RF cells were not detected in the lower chamber at 0 h, were detected in the lower chamber of 11 of 12 wells at 6 h, and were detected in all 12 wells at 8 h; this degree of translocation was consistently seen throughout all experiments with OG1RF in the present work and previously (31) . The fsr disruption mutants (TX5240, TX5241, and TX5242), the fsrB deletion mutant (TX5266), and the gelE disruption mutant (TX5128) were not recovered from the lower chamber of any of the 12 wells at 6 or 8 h (Fig. 1B) , while the gelE deletion mutant TX5264 (GelE Ϫ SprE ϩ ), which produces a "superactive" form of SprE (6), was detected in the lower chambers of 3 out of 12 wells at 6 h and 8 out of 12 wells at 8 h, although the number of bacteria translocated across T84 monolayers was significantly lower than that for wild-type OG1RF (P Ͻ 0.001) (Fig. 1B) .
Effect of complementation on translocation of E. faecalis across T84 monolayers. To further explore the importance of GelE for translocation, the gelE deletion mutant TX5264 was complemented with the whole-length gelE gene, resulting in TX5439. In concurrently performed experiments, TX5264 again showed significantly less ability to translocate across T84 monolayers than wild-type OG1RF at 6 and 8 h (Fig. 1B) , while complemented cells (TX5439), which were gelatinase positive, were detected in the lower chambers of all 8 wells at 6 and 8 h (Fig. 1B) .
We also tested our disruption mutants after complementation by pTEX5249, which contains the fsr genes (Fig. 1A) . Each of the complemented fsr mutants (TX5244, TX5245, and TX5246) which tested gelatinase positive was able to translocate across T84 monolayers. TX5244 cells were detected in the lower chambers of 6 of 8 wells at 6 h and all 8 wells at 8 h, and (15) . Line, chromosome; boxes, genes and open reading frames; arrows, promoters indicating direction of transcription; Pa, fsrA promoter; Pb, fsrB promoter; Pc, gelE promoter. The fragments cloned into pAT18 for complementation are also shown. B. Translocation of OG1RF, gelE/fsr mutants, and their complementation derivatives across a T84 monolayer. Two to three combined experiments are shown, and 4 transwells were used for each strain in each experiment. The geometric mean bacterial cell counts (CFU) in the lower chamber at 6 and 8 h are shown. For mutants which had shown no translocation in pilot studies, we plated the whole 1-ml volume of the lower chamber, and for others, 100 l out of 1 ml was plated; thus, for the latter experiments, the lower limit of detection is 10 CFU, which was used in our calculations for geometric mean. Error bars show the standard deviations. TX5128, TX5240, TX5241, TX5242, TX5264, and TX5266 are gelE, fsrA, fsrB, and fsrC disruption and gelE and fsrB deletion mutants, respectively, while TX5244, TX5245, TX5246, and TX5439 are fsr-complemented fsrA, fsrB, and fsrC disruption and gelE-complemented gelE deletion mutants. A significant difference in translocation was detected for OG1RF compared to that of TX5264 and for OG1RF compared to that of TX5244 (P Ͻ 0.001 by ANOVA with Bonferroni's posttest). Gelatinase activity (shown as absorption at 540 nm [A540]) at the bottom of the figure was measured with Azocoll and supernatant from bacteria grown under translocation conditions according to a method described previously by Nakayama et al. (12) .
TX5245 and TX5246 cells were detected in the lower chambers of 8 wells at 6 and 8 h, although the CFU of translocated TX5244 were fewer than those of wild-type OG1RF (P Ͻ 0.001) (Fig. 1B) . As expected, the gelE disruption mutant TX5128 was still gelatinase negative by plate assay after introduction of the fsr locus and did not show translocation across T84 monolayers (data not shown).
Gelatinase activity of gelE/fsr mutants and their complemented derivatives. Since the growth and detection of gelatinase activity on gelatin-TH plates may not reflect what is occurring in the translocation experiments, we also tested gelatinase activity of E. faecalis grown in tissue culture medium with T84 cells and with a more quantitative method described previously by Nakayama et al. (12) (Fig. 1B) . None of the above-described disruption mutants showed detectable gelatinase activity, consistent with the results from plate assay. The complemented fsrA mutant (TX5244) showed less gelatinase activity than OG1RF (optical density at 540 nm [OD 540 ] of 1.1 Ϯ 0.8 for TX5244 compared to 2.3 Ϯ 0.2 for OG1RF), while complemented fsrB and fsrC mutants (TX5245 and TX5246) showed a level of gelatinase activity similar to that of OG1RF (Fig.  1B) . The gelE deletion mutant TX5264 (GelE Ϫ SprE ϩ ) showed a much lower level of proteolytic activity than OG1RF (an OD 540 of 0.1 Ϯ 0.1 for OG1RF compared to an OD 540 of 2.3 Ϯ 0.2 for TX5264); after complementation of TX5264 by gelE (pTEX5438), production of gelatinase was fully restored (Fig. 1B) . For all these OG1RF derivatives, gelatinase activity correlated with translocation capability across T84 monolayers (Fig. 2) .
Effect of providing gelE or fsr genes on translocation of JH2-2 and TX1322 across T84 monolayers. We next transformed pTEX5249 containing fsr genes into two gelatinase phenotype-negative and gelE genotype-positive strains, JH2-2 and TX1322, neither of which showed translocation across a T84 monolayer at 6 or 8 h (Fig. 3) . The resulting strains, TX5443 and TX5441, were gelatinase positive, but the gelatinase produced as measured by OD was less than that of OG1RF (an OD 540 of 1.7 Ϯ 0.2 and 1.9 Ϯ 0.4 for TX5443 and TX5441 compared to an OD 540 of 2.5 Ϯ 0.2 for OG1RF) (Fig.  3) . During translocation, no TX5443 cells were detected in lower chambers at 6 h, but translocation was observed with 6 of 8 wells at 8 h, although the CFU in the lower chamber were only 10 1 to 10 2 , which is significantly lower than that of OG1RF (P Ͻ 0.001) (Fig. 3) . For JH2-2 complemented with the fsr genes (TX5441), bacteria were detected in the lower chambers of 8 of 12 wells at 6 h, with all 12 wells showing translocation at 8 h; the CFU in the lower chamber reached 10 2 to 10 4 , which is also significantly lower than that for FIG. 2 . Correlation between Azocoll proteolytic activities and translocation capabilities among OG1RF derivatives. The points shown are from TX5128 (which, like TX5240, TX5241, TX5242, and TX5266, showed no detectable gelatinase activity or translocation), TX5264, TX5244, TX5245, TX5246, and TX5439; translocation at 8 h is shown. Correlation coefficients are 0.98 and 0.92 for Spearman's r and Pearson's r, respectively, and a significantly positive correlation was detected (P ϭ 0.003 and P ϭ 0.010, respectively).
FIG. 3.
Translocation of gelatinase nonproducers and their derivatives across a T84 monolayer compared to that of OG1RF. Two to three combined experiments are shown, and 4 transwells were used for each strain in each experiment. The geometric mean bacterial cell counts (CFU) and standard deviations in the lower chamber at 6 and 8 h are shown. Gelatinase activity is as described in the legend of Fig. 1B . JH2-2 and TX1322 were complemented with gelE (TX5440 and TX5442) and fsr (TX5441 and TX5443) genes, respectively. Translocation of TX5440, TX5441, or TX5443 was significantly lower than that of OG1RF (P Ͻ 0.001 by ANOVA with Bonferroni's posttest).
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on May 1, 2016 by guest http://iai.asm.org/ Downloaded from OG1RF (P Ͻ 0.001) (Fig. 3) . We also transformed pTEX5438 (gelE gene) into TX1322 and JH2-2 to generate TX5442 and TX5440. For TX5442, no bacteria cells were detected in the lower chamber at 6 or 8 h (Fig. 3) ; for TX5440, only 1 well of 12 showed translocation at 6 h and 3 of 12 wells showed translocation at 8 h (Fig. 3) . No gelatinase activity was detected with TX5440 and TX5442 at 6 h incubation (Fig. 3) , consistent with the absence of fsr. All these results further confirmed that E. faecalis transcytosis is enhanced by gelatinase production and activity. Survey of translocation of clinical and fecal isolates of E. faecalis across T84 monolayers. Twenty E. faecalis human isolates were tested in the two-chamber transcytosis system (Fig.  4) . All of these strains grew well in T84 medium (ca. 10 9 CFU in the upper chamber at the end of the experiments). The five fecal strains that were gelatinase positive showed translocation, while the two gelatinase-negative fecal strains did not show translocation. Among the endocarditis strains, the four gelatinase-positive strains showed translocation, and the three gelatinase-negative strains did not show translocation; the translocation of gelatinase-positive strain TX0040 cannot be seen in the figure due to the low percentage compared to that of OG1RF (0.2% at 6 h and 0.8% at 8 h). Among urine strains, the three gelatinase-positive strains showed translocation, two gelatinase-negative strains did not show translocation, and one gelatinase-negative strain showed translocation in a single well of 8 wells. The strains (TX0018, TX0040, and TX0614) which showed less translocation than OG1RF also produced less gelatinase than OG1RF. However, TX1317 and TX0231, which showed 17 and 22 times more translocation than OG1RF at 6 h, did not show significantly higher gelatinase activity than OG1RF. TX1341 showed low gelatinase activity, but the strain performed almost the same as OG1RF in the transcytosis assay. It was also observed that one of the human isolates, TX0231, which showed a high level of translocation and produced a moderate level of gelatinase activity under translocation conditions, did not show detectable gelatinase activity in the absence of T84 cells (an OD 540 of 1.8 Ϯ 0.7 for growth in the presence of T84 cells compared to an OD 540 of 0.0 Ϯ 0.0 for growth in tissue culture medium alone), while all the other strains showed a similar level of gelatinase activity with or without T84 cells.
DISCUSSION
An extracellular proteolytic enzyme of E. faecalis was reported 40 to 50 years ago and was later shown to be a Znmetalloprotease (1, 2, 4, 21); this enzyme also appeared to be present in some of the first known clinical isolates of enterococci, which were classified in the early 1900s as "Streptococcus faecalis var. zymogenes," referring to their production of proteolytic and hemolytic activity (20) . This "gelatinase," purified by Makinen et al. in 1989 , was shown to be able to degrade a number of substrates including Azocoll, gelatin, insulin B-chain, human endothelin, collagen, E. faecalis sex pheromone-related peptides, and several mammalian bioactive peptides (8, 9) . More recently, gelatinase was also shown to cleave misfolded surface proteins of E. faecalis as well as fibrin, to reduce E. faecalis supernatant pheromone levels, and to affect E. faecalis chain length, possibly by activation of an autolysin (27) . Gelatinase has been a factor of interest to our laboratory and has been shown by our group and others to be important for virulence in a mouse peritonitis model (23), the nematode worm Caenorhabditis elegans (22) , and a rabbit endophthalmitis model (3) . Downstream and cotranscribed with gelE (24) is sprE, encoding a serine protease, and upstream are fsrA, fsrB, and fsrC, which are homologs of agrA, agrB, and agrC of Staphylococcus aureus (14, 15) . The fsr genes form a quorum-sensing system which appears to be autoregulated and to positively regulate the expression of gelatinase and serine protease (14, 15) . To study the possible contribution of gelatinase to E. faecalis translocation across human intestine, we first examined the previously constructed gelE mutants (22, 23) in our in vitro translocation model. We prolonged the translocation time from 6 to 8 h, since results from the latter time point showed less variation among the Transwells. The resistance across the membrane remained high at 8 h (data not shown), indicating that the T84 monolayer was still intact. We also used a more quantitative method described previously by Nakayama et al. (12) , which measures proteolytic cleavage of Azocoll, and assayed bacteria grown in the same medium and conditions as those used for translocation, and with T84 cells. Our results showed that the gelE disruption mutant TX5128 (GelE Ϫ SprE ϩ ) was consistently unable to translocate across T84 monolayers, while the gelE deletion mutant TX5264 (SprE ϩ ) showed significantly decreased translocation compared to that of wild-type OG1RF; complementation of the gelE deletion mutant in trans with whole-length gelE and its upstream promoter region restored translocation. These results indicate that gelE is important for E. faecalis translocation. Subsequent analysis of gelatinase activity, as measured by proteolysis of Azocoll, indicated a clear correlation between gelatinase activity of bacteria grown in tissue culture medium plus T84 cells and translocation: the gelE disruption mutant showed no detectable activity against Azocoll, the gelE deletion mutant showed a minimal amount of activity (OD 540 of 0.1 Ϯ 0.1 compared to 2.3 Ϯ 0.3 for OG1RF), and complementation fully restored activity (OD 540 of 2.7 Ϯ 0.1). The residual proteolytic activity shown by the gelE deletion mutant is likely due to production of a superactive serine protease in this mutant (6) , the activity of which is different from that of SprE in wild-type OG1RF due to different processing (6) .
Since the expression of gelE is positively regulated by fsr genes, we also examined our previously constructed fsr mutants and complementation derivatives (14, 15) . None of the three fsr disruption mutants or the fsrB deletion mutant showed translocation or detectable gelatinase activity. Complementation of fsrB and fsrC disruption mutants with the fsr-containing plasmid pTEX5249 resulted in restoration of their gelatinase activity and translocation, while complementation of the fsrA disruption mutant partially restored its translocation, which may be due to its lower gelatinase activity (OD 540 about half of that of OG1RF). Overall, the results with different OG1RF derivatives not only indicate that gelatinase is critical for E. faecalis translocation across T84 monolayers but also demonstrate a correlation between the Azocoll-related proteolytic activities and translocation capabilities among these strains (Fig. 2) . Although the reason for the different levels of gelatinase activity in the different complementation derivatives is not clear, previous analysis of the expression of fsr genes revealed that fsrB and fsrC are cotranscribed from a promoter upstream of fsrB while a separate promoter is used for fsrA, consistent with fsrB and fsrC behaving the same in complementation. Why providing the fsr genes in multicopy does not fully restore the defect of the fsrA mutant is not known.
We also studied two gelatinase nonproducers of E. faecalis: TX1322 and JH2-2. The two strains were previously shown to have the gelE gene but to lack fsrA and fsrB, and the latter strain was previously found to be unable to translocate T84 monolayers (31) . A 23.9-kb deletion involving fsrA and fsrB was first described by Nakayama et al. in E. faecalis urine isolates obtained from a Japanese hospital (13) , and this region was later found by our group, using colony hybridization and PCR, to be absent in 60 E. faecalis isolates (including TX1332 and JH2-2) from different clinical and geographical sources, which account for ca. 28% of the E. faecalis isolates tested by us (17) . Neither TX1322 nor JH2-2 showed detectable gelatinase activity or translocation. Introduction of fsr into these strains resulted in successful translocation, which can be explained by activation of gelatinase production by providing the Fsr function. When compared with OG1RF, the two fsr-complemented isolates showed lower levels of translocation, as well as lower levels of gelatinase activity, than OG1RF. Introduction of gelE without fsr into the two gelatinase nonproducers had no effect on their gelatinase activity under the conditions tested, consistent with gelatinase production and activity being tightly controlled by the Fsr system in these isolates. However, JH2-2 provided with pTEX5438 showed a low degree of translocation; the difference in translocation of TX1322 (pTEX5438) compared to that of JH2-2 (pTEX5438) may suggest a level of gelatinase activity not detectable in our assay or that some other factor(s) (present in JH2-2 but not in TX1322) is assisting in the process.
To determine if our findings could be extended to other E. faecalis strains, 20 human isolates (which are different from the ones tested previously) were tested for gelatinase activity and in the translocation model, and the results showed a positive correlation between the two phenotypes: 12 of 12 gelatinasepositive isolates were able to translocate, while the gelatinasenegative isolates were either unable to translocate at all (7 of 8) or translocated at a very low level (1 of 8). When combined with the translocation results obtained from the previous study (31) and our subsequent determination of their gelatinase activity (17) , the capability of translocation of the two groups (GelE ϩ versus GelE Ϫ ) is significantly different, with translocation occurring in a total of 167 out of 185 transwells at 6 h for GelE ϩ strains compared to a total of 7 out of 128 transwells for GelE Ϫ strains (P Ͻ 0.001 by Fisher's exact test). On the other hand, the level of translocation by gelatinase-positive human isolates varied considerably, which cannot be completely explained by the level of gelatinase activity, suggesting that although gelatinase is critical for E. faecalis translocation, other factor(s) are also important in this process. We also noticed, consistent with our previous study (31) , that fecal isolates showed greater translocation than isolates from other sources, although we did not find an obvious difference in the percentage of GelE ϩ or in the amount of gelatinase produced by isolates from different sources in the present study, nor did we find obvious differences in our previous work (17) . This observation may suggest that the fecal isolates (which reside in the human intestine) are enriched in attributes which, together with gelatinase, facilitate their translocation across human intestine, VOL. 73, 2005 TRANSLOCATION OF E. FAECALIS ACROSS HUMAN T84 CELLS 1611
on May 1, 2016 by guest http://iai.asm.org/ and after leaving the intestine and entering other sites of the human body, these attributes are not needed and are thus lost or repressed. However, the number of isolates tested is too limited to do more than pose this hypothesis. Interestingly, in the present study, we found that one of the human isolates, TX0231, showed a high level of translocation but, when grown in tissue culture medium, produced gelatinase activity only in the presence of T84 cells, indicating induction of gelatinase activity by T84 cells in this isolate. This observation raises the possibility that gelatinase activity of E. faecalis can be activated by interaction with certain in vivo sites or condition(s). The mechanism by which gelatinase enhances translocation is unknown. Because of the prominent chaining of gelE mutants (27) , we assayed a previously constructed autolysin mutant (16) as well as mutants in a putative regulatory gene, all showing long cell chains similar to those of the gelE mutants, and found that these mutants had a translocation capability similar to that of OG1RF (data not shown), indicating that the chaining effect per se does not cause the decrease in translocation. Whether gelatinase augments translocation from the intestinal tract in vivo, in the milieu of fecal contents, is also not known. Since we showed that two distinct strains (JH2-2 and TX1332) that are GelE Ϫ but gelE ϩ are still capable of producing gelatinase under certain conditions (e.g., providing fsr genes), it is also possible that some in vivo conditions may induce gelatinase production, enabling fsr-lacking, gelE-containing strains, which comprise about 28% of E. faecalis isolates (17) , to translocate.
In conclusion, the present study showed that the E. faecalis gelatinase, which is secreted outside of E. faecalis cells and can potentially interact with E. faecalis cells as well as host cells and tissues, is critical for translocation of E. faecalis across T84 monolayers in vitro. Future studies that address functions that may be assigned to this protein as well as those looking at alternative regulation of gelE may help our understanding of the role(s) of this protease in E. faecalis infections.
